INTRODUCTION
pends on the activation of ion pumps and carriers, the RVD response involves the concerted opening of K+ and Cl-selective ionic channels, leading to a net efflux of KCI and driving the loss of cellular water (for review, Okada and Hazama, 1989; Grinstein and Foskett, 1990; Al-Habori, 1994) . Although the conductive efflux pathways triggered in response to cell swelling have been described in many different cell systems, the molecular mechanism or mechanisms involved in the activation of osmo-sensitive ion channels and transporters have not been clarified in detail and may differ between cell types.
Several mechanisms have been suggested to play a role in the RVD response, including a cell swellinginduced rise in intracellular Ca2' activating both Cland K+ channels (McCarty and O'Neil, 1992) . Several cell types, however, including the Intestine 407 cell line used in this study, do not express Ca2+-sensitive Cl-channels, and the osmo-sensitive anion efflux is likely to be elicited independently of a rise in [Ca2+] i (Hazama and Okada, 1988; Grinstein and Smith, 1990; Tilly et al., 1994) . As an alternative, a role for the cytoskeleton in regulating swelling-activated ion channels has been proposed. This hypothesis is based primarily on the observation that the volume-regulatory response in a number of cell models was found to be sensitive to pharmacological disruption of the cytoskeleton (Foskett and Spring, 1985; Cornet et al., 1993; Haussler et al., 1994; Hug et al., 1995) and was accompanied by small changes in total cellular F-actin (Hallows et al., 1991; Ziyadeh et al., 1992) . Moreover, direct ion channel activation by cytoskeletal elements has been demonstrated in excised membrane patches of toad kidney A6 cells, showing a rapid activation of apical Na+ channels with the addition of exogenous actin (Cantiello et al., 1991) .
Stimulating responsive cells with mitogens like bombesin, endothelin, thrombin, and lysophosphatidic acid or inducing integrin-receptor dimerization leads to a rapid reorganization of cellular F-actin by using signaling pathways involving the p2lrho family of GTPases (Ridley and Hall, 1992; Nobes and Hall, 1995) . In addition, these diverse extracellular stimuli also activate tyrosine phosphorylation of proteins associated with the cytoskeleton, most notably the focal adhesion kinase pl25FAK, a tyrosine kinase associated with focal adhesions (Schaller et al., 1992; Zachary and Rozengurt, 1992) . Using the human Intestine 407 cell line as a model, we have previously demonstrated that activation of tyrosine kinase(s) is a prerequisite for activation of the osmo-sensitive CF-conductance (Tilly et al., 1993) . Indeed, after hypo-osmotic stimulation, a rapid and transient increase in protein tyrosine phosphorylation was observed, including phosphorylation of the p42 and p44 MAP kinases (Tilly et al., 1993) . Hypo-osmotic stimulation of Intestine 407 cells also led to the rapid tyrosine phosphorylation of a 125-130 kDa protein, raising our interest in a possible volume-regulatory role of signaling pathways that regulate the F-actin cytoskeleton in the activation of the RVD response. In the present study, we demonstrate that hypo-osmotic cell swelling is accompanied by a fast but transient reorganization of the F-actin cytoskeleton as well as by an increased phosphorylation of pl25FAK. Both the pl25FAK phosphorylation and the hypotonicity-induced anion efflux were inhibited in Clostridium botulinum C3 exoenzyme-pretreated cells, suggesting the involvement of p2lrho. In addition, it was found that phosphatidylinositol-3-kinase (Ptdlns-3-kinase), a potential substrate of pl25FAK that may play a role in cytoskeletal organization (Chen and Guan, 1994; Wynann and Arcado, 1994) , is also activated after osmotic cell swelling. Our results suggest a role for a signaling cascade involving p2lrho in the activation of volume-regulated Cl-channels.
MATERIALS AND METHODS Materials
Radioisotopes (125I-and y-32P-ATP) and electrochemiluminescence (ECL) Western blotting detection kits were obtained from Amersham Netherlands B.V. ('s Hertogenbosch, Netherlands). Hormones, rhodamine-conjugated phalloidin, phosphatidylinositol, and wortmannin were purchased from Sigma Chemical (St. Louis, MO). Other chemicals were obtained from the following sources: monoclonal anti-phosphotyrosine antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) and KT5926 from Calbiochem (La Jolla, CA). Anti-p125FAK monoclonal 2A7 and polyclonal BC3 antibodies, raised against isolated p125 and a bacterially expressed trpE fusion protein containing the C terminal of the kinase domain, respectively (Kanner et al., 1990; Schaller et al., 1992) , were kindly donated by Dr. J.T. Parsons, University of Virginia. Recombinant C. botulinum C3 exoenzyme and mutant C3-E173Q were isolated and prepared as described previously (Kumagai et al., 1993; Saito et al., 1995 
Immunoblotting
Monolayers of cells were stimulated with hypotonic media, and incubations were terminated by the addition of boiling SDS sample buffer. Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and analyzed as described above.
125I-Efflux Assays
Intestinal 407 cells were loaded with 5 ,uCi 1251-for 2 h and washed three times with isotonic buffer containing (in mM) 80 NaCl, 5 KCl, 1.3 CaCl2, 1 MgCl2, 10 glucose, 95 mannitol, and 20 HEPES, pH 7.4, before the assay. Isotope efflux was determined at 37'C by replacing the medium at 1-2 min intervals. Hypotonic buffers were prepared by adjusting the concentration of mannitol. Radioactivity in the media was determined by gamma radiation counting and expressed as fractional efflux per minute, as previously described (Vaandrager et al., 1991) .
Vaccinia Virus Infection
Recombinant viral growth factor-minus strains of wild-type and dominant negative p21rac-containing vaccinia virus (Peppelenbosch et al., 1995) were used to infect cultures of Intestine 407 cells (10-20 plaque forming units per cell for 60 min in serum-free DMEM). After infection, the medium was replaced by DMEM containing 7.5% fetal calf serum; isotope efflux experiments were performed after 16-18 h.
Phosphatidylinositol-3-kinase Assay
PtdIns-3-kinase activity was determined in anti-P-tyr immunoprecipitates as previously described (Soltoff et al., 1994) . Briefly, cultures of Intestine 407 cells were stimulated with hypotonic media (30% hypotonicity) and lysed in a buffer containing (in mM) 137 NaCl, 20 Tris-HCl, pH 7.5, 1 MgCl2, 1 CaCl2, 1 PMSF, and 200 ,uM sodium orthovanadate, 10% glycerol, and 0.1% Nonidet-P40. After 10 min, lysates were collected and cleared by centrifugation, and agarose-conjugated anti-P-tyr antibodies were added to the supernatants. After 2 h of incubation at 0'C, the agarose beads were centrifuged, washed three times with 1 ml of PBS plus 1% Nonidet-P40, twice with 0.5 M LiCl/0.1 M Tris-HCl, and twice with 100 mM NaCl/1 mM EDTA/10 mM Tris-HCl, pH 7.5. Subsequently, the beads were resuspended in a phosphorylation buffer containing (in mM) 10 MgCl2, 1 EGTA, and 20 HEPES, pH 7.5, and 0.4 mg/ml phosphatidylinositol. Phosphorylation was started by addition of y-32P-ATP (15 ,uCi/ml, final concentration 20 ,uM) and terminated after 10 min by addition of 1 M HCl. Lipids were extracted and separated by thin-layer chromatography. Lipid spots were visualized by autoradiography and by exposition to 12 vapor, scraped, and quantitated for 32P-radioactivity by liquid scintillation counting.
RESULTS

Hypotonicity-induced Tyrosine Phosphorylation of pl25FAK
Previously, we have demonstrated that confluent monolayers of Intestine 407 cells respond to extracellular hypotonicity with a transient increase in tyrosine phosphorylation of several proteins, including a 120-130 kDa protein comigrating with murine fibroblastderived pl25FAK (Tilly et al., 1993 (Tilly et al., , 1994 (Figure 1 ). Phosphorylation of p125F was not restricted to osmotic stimulation, because histamine, a hormone previously found to potentiate the volumeactivated anion efflux (Tilly et al., 1994) , was also able to induce pl25FAK phosphorylation (Figure 1 ).
Rapid Changes in the F-Actin Cytoskeleton after Osmotic Cell Swelling Phosphorylation and activation of p125FAK have been implicated in the organization of actin stress fibers and the (re-) assembling of focal adhesions (Burridge et al., 1992; Barry and Critchley, 1994; ChrzanowskaWodnicka and Burridge, 1994) . Using rhodamineconjugated phalloidin as a fluorescent probe, we studied changes in the amount and organization of the F-actin cytoskeleton in cell cultures challenged with a 30% hypotonic shock. Immediately after hypo-osmotic stimulation, an -40% increase in rhodamine fluorescence was observed, indicating an increase in total cellular F-actin (Figure 2 ). The increase in F-actin was transient, returning slightly below basal levels within 5 min after stimulation. Thereafter, no net changes in the total cellular F-actin content were observed. To investigate the reorganization of the cytoskeleton in more detail, we studied the intracellular distribution of the F-actin cytoskeleton by constructing optical sections from the apical and basal regions of the cells with a confocal laser microscope. As shown in Figure 3 , osmotic cell swelling resulted in an immediate and rather dramatic increase in basal stress-fiber formation, accompanied by a loss in apical F-actin likely to be associated with plasma membrane ruffles. Numerous small and poorly organized fibers were observed within 1 min of osmotic stimulation, whereas a clear increase in actin stress fibers was found after 2 min (Figure 3 ). Subsequently, stress-fiber formation declined, and the amount of F-actin fibers returned to prestimulatory levels after 5-15 min. In addition to an increase in basal stress-fiber formation, a marked decrease in apical F-actin was observed (Figure 3 ). Like stress-fiber formation, the decrease in apical Hall, 1992, 1994; Barry and Critchley, 1994) . To study the involvement of Rho-type GTPases in the cellular response to hypotonicity, we pretreated Intestine 407 cells with C. botulinum C3 exoenzyme, a toxin that enters the cell through nonspecific endocytosis (Kamata et al., 1994) and specifically promotes ADP-ribosylation and, thereby, inactivation of p2lrho (Ridley and Hall, 1992 ; Aktories and Just, 1995) . As shown in Figure 4A , pretreatment of the cells with C3 exoenzyme largely inhibited the hypotonicity-induced activation of 1251-efflux, most plausibly reflecting an inhibition of volume-sensitive Cl-channels. Importantly, no inhibition of the volume-sensitive I2S-efflux was observed after pretreatment of the cells with C3-E173Q mutant exoenzyme, which is devoid of ADP-ribosyltransferase activity ( Figure 4A ). Introducing a dominant negative species of the Rho-related p2lrac protein by using recombinant vaccinia virus expressing N17-p2lrac did not affect the cell swelling-activated anion efflux (peak 1251-efflux after 30% hypotonic stimulation; mock-infected: 33 ± 2%/min; WT-Rac-infected: 29 ± 1%/min; N17-Rac-infected: 30 ± 1%/min). Inhibition of the volume-sensitive anion efflux by C3 exoenzyme was accompanied by a decrease in hypotonicity-induced pl25FAK phosphorylation while leaving the cell swelling-activated phosphorylation of most other proteins unaffected ( Figure 4B ).
Activation of Phosphatidylinositol-3-Kinase by Osmotic Cell Swelling Phosphatidylinositol-3-kinase (PtdIns-3-kinase) recently has been recognized as a potential substrate for p125FAK and as a mediator of F-actin reorganization (Chen and Guan, 1994; Shibasaki et al., 1994; Wymann and Arcado, 1994) . In addition, PtdIns-3-kinase activation previously has been found to be sensitive to C3 exoenzyme pretreatment (Kumagai et al., 1993) . To explore a possible connection with the p21rho/p125FAK signaling pathway in more detail, PtdIns-3-kinase activity was determined in cell cultures exposed to an osmotic shock (30% hypotonicity). Figure 5 shows that activation of PtdIns-3-kinase, as determined by the in vitro phosphorylation of phosphatidylinositol, was already observed after 1 min of osmotic stimulation and reached a peak level after 2 min (approximately fourfold increase in activity). Thereafter, the kinase activity slowly declined but did not return to basal levels within the time period of the measurements (10 min). As has been shown for cell swelling-induced isotope efflux and pl25FAK phosphorylation, the hypotonicity-provoked Ptdlns-3-kinase activity was also blocked by C3 exoenzyme pretreatment ( Figure 5C ). Importantly, as is evident from was manifest at 1 ,M. Notably, in intact cells, PtdIns-3-kinase activation was found to be equally sensitive to wortmannin pretreatment (5-10% and 60-70% reduction in PtdIns-3-P formation after pretreatment with 100 nM and 1 ,uM, respectively). Because the micromolar concentrations of wortmannin (1 ,tM) might also affect the activity of myosin light chain kinase, similar experiments were performed in the presence of KT5926, a specific inhibitor of myosin light chain kinase (Nakanishi et al., 1990) . However, at concentrations up to 10 ,uM, KT5926 seemed unable to the much larger activation attainable on exposure of Intestine 407 cells to EGF (-100-fold increase in activity), only a minor subfraction of the enzyme is responsive to hypotonic conditions. To investigate whether PtdIns-3-kinase is involved in the osmo regulation of Cl-channels, we pretreated the cultures with wortmannin, a specific inhibitor of Ptdlns-3-kinase (Yano et al., 1993) . Figure 6 shows that partial inhibition of the cell swelling-activated 1251-efflux was found after pretreatment of the cultures with 100 nM wortmannin, whereas almost complete inhibition of the responses mimic the inhibitory effect of wortmannin on the volume-sensitive 1251-efflux ( Figure 6 ).
DISCUSSION
Osmotic swelling of Intestine 407 cells activates conductive K+ and Cl-efflux pathways that limit excessive cell swelling and, finally, restore cellular volume (Okada and Hazama, 1989; Tilly et al., 1993 Tilly et al., , 1994 . Previous experiments have demonstrated that osmo regulation of the CF-channels could be achieved independently of changes in [Ca2+]i (Hazama and Okada, 1988; Tilly et al., 1994) but, instead, needed the activation of one or more tyrosine kinase(s) (Tilly et al., 1993) . Here we report that hypotonic challenge leads to an immediate reorganization of the actin cytoskeleton and to the activation of cytoskeleton-associated signal transduction pathways. Involvement of the cytoskeleton in cell volume regulation has been proposed previously. Foskett and Spring (1985) reported that the RVD response in gallbladder epithelia was inhibited in the presence of cytochalasin B and suggested that an intact F-actin filament system is a prerequisite for RVD. Since then, similar results have been obtained in studies with cultured cells, including Ehrlich ascites tumor cells, HSG cells, and bronchial epithelial cells (Cornet et al., 1993; Fatherazi et al., 1994; Hug et al., 1995) . In other cell models, however, disruption of the F-actin cytoskeleton did not affect the RVD response (Hallows et al., 1991) or was even found to potentiate the activity of volume-sensitive Cl-channels (Haussler et al., 1994) . Hypo-osmotic swelling of Intestine 407 cells resulted both in an increase in total cellular F-actin content as well as in a rapid but transient reorganization of the actin cytoskeleton. It is now well established that alterations of the actin cytoskeleton may involve activation of GTP-binding proteins of the p2lrho family, which includes Rho, Rac, and Cdc42 (Nobes and Hall, 1995) . Furthermore, evidence is accumulating that inactivation of these GTPases prevents hormone-induced changes in cell morphology (Ridley and Hall, 1992; Jalink et al., 1994) . Because pretreatment of Intestine 407 cells with C. botulinum C3 exoenzyme almost completely blocks the cell swelling-induced 1251-efflux, p2lrho activation may play an essential role in the signaling pathway leading to the opening of volume-sensitive Cl-channels, most plausibly through the induction of cytoskeletal alterations.
At least two possible mechanisms may underlie the regulation of ionic channels by cytoskeletal rearrangements. First, generation of actin filaments of a specific size may be crucial for activation. This notion is supported by our observations that pretreatment of the cells with cytochalasin B, but not colchicine or nocadozole, potentiated the hypotonicity-induced 125I-efflux by approximately twofold (Tilly and de Jonge, unpublished results) . Modulation of the activity of ionic channels by actin filaments is not unprecedented: in toad kidney A6 cells an Na+ channel has been described that could be regulated directly by exogenous F-actin (Cantiello et al., 1991) . In melanoma cells lacking actin-binding protein (ABP), however, activation of a volume-sensitive K+ channel was markedly decreased but could be rescued by transfecting the cells with the wild-type ABP gene (Cantiello et al., 1993) , suggesting that a protein or proteins associated with the F-actin skeleton, rather than the actin filaments themselves, act as regulatory elements.
As an alternative for a direct role of F-actin in ion channel regulation, modulation of signal transduction pathways associated with cytoskeletal rearrangements could also be involved. Indeed, hypotonicity-induced changes in the cytoskeleton are accompanied by an increase in tyrosine phosphorylation of several proteins, including the focal adhesion kinase pl25FAK. Phosphorylation and activation of p125FAK have been observed in response to a variety of extracellular stimuli (compare Zachary and Rozengurt, 1992; Schaller and Parsons, 1993) . pl25FAK has been implicated in a number of cellular functions, including growth and differentiation, cell motility and adhesion, and regulation of cell shape (Zachary and Rozengurt, 1992) , but its precise mechanism of action is still primarily unknown. Pretreatment of Intestine 407 cells with C. botulinum C3 exoenzyme almost completely and selectively abolished hypotonicityinduced tyrosine phosphorylation of p125FAK. A similar inhibition of p125FAK phosphorylation by C3 exoenzyme has been reported previously for hormone or lysophosphatidic acid-stimulated fibroblasts Vol. 7, September 1996 --,r-T -F --1 (Kumagai et al., 1993; Rankin et al., 1994) . Because protein tyrosine phosphorylation is a prerequisite for osmo regulation of Cl-channels (Tilly et al., 1993) , our combined data suggest that the p2lrho/pl25FAK signaling cascade is critically involved in cell volume regulation.
Ptdlns-3-kinase, another signaling enzyme implicated in cytoskeletal reorganizations, chemotaxis, and membrane ruffling (Kotani et al., 1994; Shibasaki et al., 1994; Wennstrom et al., 1994) , is likewise activated upon stimulation of cells with growth factors and mitogens. This lipid kinase recently has been suggested to serve as a substrate for pl25FAK (Chen and Guan, 1994 ), a notion supported by the observation that C3 exoenzyme-catalyzed ADP-ribosylation of p2lrho abolished Ptdlns-3-kinase activation (Kumagia et al., 1993 ; Figure 5 ), as well as by our finding in Intestine 407 cells that histamine, in addition to promoting pl25FAK phosphorylation (Figure 1 ), also increased PtdIns-3-kinase activity by approximately threefold (Tilly, unpublished results) . In comparison, hypotonicity was found to elicit a transient stimulation of Ptdlns-3-kinase activity up to approximately fourfold. Moreover, pretreatment of the cells with low (100 nM) concentrations of Ptdlns-3-kinase inhibitor wortmannin partially inhibited hypotonicity-induced 1251-efflux, whereas higher concentrations (1 ,uM) almost completely abolished the osmo-sensitive anion efflux (Figure 6 ). At micromolar concentrations wortmannin is no longer specific for Ptdlns-3-kinase but, at least in vitro, also inhibits myosin light chain kinase (Yano et al., 1993) . Two observations, however, suggest that PtdIns-3-kinase, and not myosin light chain kinase or other potential targets, is involved in the osmo regulation of Cl-channels. 1) In intact cells, the dose dependency of wortmannin inhibition was similar for hypotonicity-induced PtdIns-3-P formation and for the osmo-sensitive 125I-efflux ( Figure 6 ). 2) KT5926, a specific inhibitor of myosin light chain kinase, did not affect the volume-sensitive 1251-efflux.
Furthermore, 100 nM wortmannin completely inhibited Ptdlns-3-kinase activity when added to the lysates, suggesting a rather poor penetration into Intestine 407 cells.
The results of the present study demonstrate that a signal transduction pathway known to be exploited by hormones for remodeling of the F-actin cytoskeleton resulting in changes in cell morphology, i.e., the p2lrho/p125FAK cascade and Ptdlns-3-kinase, is switched on also in response to hypotonic conditions, whereas inhibition of this pathway leads to an impaired activation of volume-sensitive Cl-efflux. Hormonal activation of pl25FAK and/or Ptdlns-3-kinase under isotonic conditions, as observed in the presence of histamine (pl25FAK) and/or EGF (Ptdlns-3-kinase), is not sufficient to activate volume-sensitive Cl-channels (compare Tilly et al., 1993 (compare Tilly et al., , 1994 , indicating that an additional factor, perhaps directly related to membrane stretch, is also essential. Linking the signal transduction pathways involved in Cl-channel activation to an independent, putative "volume sensor" has two important physiological consequences. First, activation of the channels occurs only during cell swelling, thereby preserving the specificity of the response; second, by coupling the volume response to pathways activated upon hormonal stimulation, small changes in cell volume that may occasionally take place during hormone-induced changes in cellular metabolism (Haussinger and Lang, 1991) are corrected more adequately.
